• Three distinct site-groupings resulted, with different recommended planting windows.
earlier planting by farmers to ensure that the majority of the corn acreage is planted during good conditions; this is documented in state-based progress reports of planting by the USDA-NASS (Kucharik, 2006; USDA-NASS, 2015) .
This shift in corn planting dates is one important factor resulting in higher state grain yield levels throughout the Corn Belt (Kucharik, 2008) . Earlier planting dates contribute to higher realized yields through the capture of a greater proportion of the growing season, the ability to use longer season hybrids, and the increased probability that physiological maturity will occur before a killing frost (Nafziger, 1992; Kucharik, 2006) . However, one risk associated with planting earlier in the Corn Belt is the increased possibility of cool, wet soils. Seeds will imbibe water but not germinate if soil temperatures are too low; temperature is the primary factor affecting corn germination and seedling emergence (Schneider and Gupta, 1985) . Historically, recommendations for the onset of corn planting were primarily related to a base soil temperature of 50°F (Shaw, 1977) or relative to the average date for the last killing spring frost for a particular locality (Larson and Hanway, 1977) . The main concern today with early planting is to avoid exposure to cool or fluctuating soil temperatures, so that emergence and the resulting stand are consistent in spacing and development (Gupta et al., 1988; Ford and Hicks, 1992; Bollero et al., 1996) .
During the past four decades, research recommendations regarding optimum planting dates have shifted across states and regions. This shift in regional recommendations can be seen when examining state recommendations across several decades. For example, Iowa and Illinois recommendations in the 1980s and 1990s typically identified the optimum planting dates as the first week of May, whereas research reported in the 2000s or 2010s identify the last week or two of April as optimum (Johnson and Mulvaney, 1980; Benson, 1990; Nafziger, 1994; Farnham, 2001; Nafziger, 2012) . These researchbased recommendations also align with shifts in farmer data collected by the USDA across the time period (USDA-NASS, 2015) . In addition to factors noted earlier that have contributed to earlier planting, the shift in recommendations is partially due to variation in the experimental sites used, weather variability year to year, planting of the first treatment that impacts statistical analysis, and the experimental design of the study, which allows different levels of resolution.
The influence of corn planting date on yield potential has been well documented in previous literature (Gupta, 1985; Bauer and Carter, 1986; Imholte and Carter, 1987; Nafziger, 1994; Swanson and Wilhelm, 1996; Lauer et al., 1999; Farnham, 2001; Nielsen et al., 2002; Bruns and Abbas, 2006; Van Roekel and Coulter, 2011) . The methods used to summarize planting date findings and to derive recommendations vary within previous research, with findings generally beginning at a particular calendar day determined to be optimum and calculation of the yield loss as a percentage or as bushels per acre for each day of delay. This method can overemphasize a particular point in time as being ideal, which may oversimplify the relationship between the weather, environment, and cropping system. When a categorical analysis has been used, it can inadvertently place very similar planting dates into opposing categories. Each category may be composed of planting dates in increments of 10 to 15 days, such as 1 May to 10 May, 10 May to 20 May, and so forth. Therefore, a field planted on 10 May would be placed into Category 1 and a field planted on 11 May is placed into Category 2 for the analysis.
The research summarized here concerns the development of planting windows that account for year-to-year variability and provide a time frame in which farmers can expect to optimize grain yield. It is these windows that are provided as recommendations, rather than a specific calendar date, although those are used in the development of the windows. The research experiment included 18 site-years (6 sites  3 years each) with five planting dates in set intervals. Multiyear (2006 Multiyear ( , 2007 Multiyear ( , and 2009 ) and multisite (six Iowa State University Research and Demonstration farms) field research was conducted for a total of 18 site-years (Table 1; Fig.  1 ). Research sites were located at the NW farm, Sutherland; NC farm, Kanawha; NE farm, Nashua; the Agricultural Engineering and Agronomy Farm (C), Ames; SW farm, Lewis; and SE farm, Crawfordsville (Table 1) . Five planting dates were arranged in a randomized complete block design with 3-4 replications at each site. Planting dates per site-year are shown in Table 1 by calendar date and day of year (DOY) (i.e., 1 Jan. = DOY 1). Target planting dates were between 1 April and 1 June in 15-day increments; adjustments were made for each site when site managers were unable to start precisely on 1 April; this was done by reducing the day increments between each subsequent planting date so that the final date would still remain at 1 June. A few instances occurred in which site managers were not able to plant all five dates. Individual plot dimensions varied by site yet the majority were 20 ft wide by 50 ft long with a row spacing of 30 inches. The previous crop was soybean [Glycine max. (L.) Merr.] at all sites, and hybrid brands varied across sites, although most contained three resistant traits as "stacked" hybrids (Table 1) ; transgenic hybrids provided protection from potential insect feeding, which was especially important with later plantings. Farm managers selected hybrids on the basis of input from seed salesmen, expected yield potential, and seed availability, with some hybrids used frequently because of high popularity across the state. Hybrid relative maturity (RM) ranged from 98 to 113, which is appropriate for Iowa. Although RM is an important tool used for hybrid placement, it did not appear to impact the results because the lengths of the growing seasons in 2006, 2007, and 2009 were not short and the span of planting dates was not outside the range typically used by farmers. Fertilizer and herbicide applications were in accordance with university recommendations (Owen, 2012; Mallarino et al., 2013) ; no insecticides or fungicides were applied due to low pest pressure. Seeding rates varied from 30,000 to 36,000 seeds/acre based on site-and region-specific recommendations from farm managers (Woli et al., 2014) . Final plant populations were counted, and plots with stands significantly greater or less than the median population (± 25% used as the cut-off) were discarded from the analysis. Grain was harvested from each plot's center four rows and yields adjusted to 15.5% moisture basis. Overall, mean maximum grain yields were from 178 to 210 bu/acre (Fig. 1) ; relative yields are used in final recommendations. Due to the timing of grain harvest at the research sites, all plots at a site were typically harvested in one or two passes, which meant that moisture loss had reached equilibrium across some of the treatments. Therefore, the grain moisture data is not included. (149) 10 † Numbers in parentheses are day of year (DOY) (91 = 1 April). ‡ Delta is the difference in calendar days between planting dates at a specific site-year. It is calculated by subtracting the earlier DOY from the subsequent DOY. § Plot data were discarded from this planting date due to low final plant population; see the section "Experimental Locations and Site Descriptions" for further explanation.
Experimental Locations and Site Descriptions

Statistical Analysis
Planting date was transformed for the analysis to an adjusted DOY by subtracting the date in the middle (DOY 120) of the target planting-date range to allow model convergence and have the intercept be easily interpreted. The linear term therefore was DOY = (DOY original − 120)/40 and the quadratic term was DOY 2 . Grain yield response to planting date was analyzed at each individual site and later, by site-groupings, with linear and quadratic regression models using SAS PROC MIXED with COVTEST to compare covariance structures (SAS Institute, 2008) .
For individual-site analysis, the linear terms were significant only for NC and NE (P £ 0.05). This linear fit is a by-product, in part, of the timing when the first planting could occur because of cooler spring temperatures, which inhibit early plantings at these northern locations more than at the other research sites. Although linear and quadratic models were significant for these two sites, a linear fit was deemed inappropriate to model the biological response because it would represent yield as continuing to increase as DOY nears 0; therefore, only quadratic models are included in Table 2 . ) with x = DOY was fit for yield at each individual site (and later, as sitegroupings) as a function of planting date for each rep and year combination (and later, as site by year by rep for sitegroupings) and modeled the intercept and the terms of each quadratic equation as coming from a normal distribution; see Table 2 . Estimates could then be made of the parameters of the normal model as the "overall" intercept and terms for each site, and calculations of the ideal planting date and maximum yield could be made using those.
In the development of recommended planting windows, it was important to consider the data sets used and real-world implications. Statistical analyses derived the best fit, but the starting point of each curve was adjusted to begin on the average first date of planting from the six site-years of research for those sites; these average first dates of planting are 102 DOY for NC-NE, 105 DOY for NW-C, and 110 DOY for SW-SE." The yield response curves as shown in Fig. 2 do not extend prior to this date for the site-groupings; this ensures that recommendations are made only for the actual planting dates tested. Because of this adjustment, planting windows for site-groups NC-NE and NW-C begin at 102 DOY (12 April) and 105 DOY (15 April), respectively.
Relationship Between Planting Date and Corn Grain Yield
Quadratic terms in the regression models for grain yield were significant for all individual research sites at P £ 0.05. Presented in Table 2 are the quadratic models fit to DOY and grain yield with parameter estimates, optimum DOY associated with maximum grain yield, and model significance. The DOY identified as the planting date when maximum grain yield occurred varied across sites from 107 to 118 (17-28 April) ( Table 2 ). The six research sites were reduced to three site-groupings based on statistical significance: NC-NE, NW-C, and SW-SE (Fig. 2) .
Based on these quadratic models, optimum planting-date windows were calculated to derive time frames in which farmers could expect 98-100% (narrower window) or 95-100% (wider window) grain yield to be achieved (Table 3) . Within each regression model, the optimum DOY with the highest yield value (bu/acre) was identified for each site-grouping: 108 (18 April), 114 (24 April), 117 (27 April) for NC-NE, NW-C, and SW-SE, respectively (Table 3 ). The grain yield (bu/acre) associated with these DOYs was normalized (Fig. 2) and served as the 100% yield reference point from which ±2% or ±5% yield were calculated to develop the planting windows. By subtracting and adding 2% (or 5%) from the maximum point on the quadratic curve, the associated DOYs were identified for the start and end dates, respectively. More calendar days are inherently included in the window for 95% yield relative to the window for 98% because of the necessary extension outward on the regression curve. Therefore, the optimum planting windows to achieve 98-100% yield are 102-120 DOY (12-30 April) for NC-NE, 105-129 DOY (15 April-9 May) for NW-C, and 107-128 DOY (17 April-8 May) for SW-SE. The recommended windows are correspondingly expanded for the 95-100% recommendation to 102-125 DOY (12 April-5 May), 105-138 DOY (15 April-18 May), and 102-133 DOY (12 April-13 May). The large windows of recommended time are a result of the curvature for each site-grouping in that the NW-C is not as steep (less than) that of the others. However, as stated in the Statistical Analysis section above, the windows were not extended prior to 102 (for NC-NE) and 105 (for NW-C) DOY because of limited early-season data. This therefore resulted in minimal change between the 95% and 98% recommendation windows within these site-groupings, and although it would be viewed as mathematically correct to do so, the authors felt it may not be biologically correct or supported by the available data. Therefore, the starting point for each site-grouping is based on the average first planting date for the sites composing it. Based on the length of the planting window (Table 3 ) and the magnitude of curvature (determined by b 2 ) ( Table 2) , planting date is a stronger determining factor for grain yield in the NC-NE and SW-SE site-groupings than in the NW-C. The magnitude of the curvature for the quadratic models determined the number of calendar days included for each sitegrouping, with the more responsive site-groupings having a greater reduction in yield than the NW-C grouping (Fig. 2) . The responsiveness to planting date is expected to be due to different factors: with the NC-NE site-group, it is probably related to a limited growing season length and the need to maximize photosynthetic capacity, whereas with the SW-SE site-group it is possibly related to summer rainfall patterns and the impact of warmer temperatures during the grain-fill period favoring certain planting dates based on the crop's reproductive development.
Iowa Results Compared with Previous Research
Corn grain yield was fit with quadratic models in response to planting date; this is consistent with published findings (Johnson and Mulvaney, 1980; Nafziger, 1992 Nafziger, , 1994 Swanson and Wilhelm, 1996; Lauer et al., 1999) . Similar to previous Corn Belt research, yield was lower when associated with the earliest and latest planting dates and greatest at some point in between. Research across the region has typically identified a significant yield reduction if planting is delayed beyond the optimum for that location (with "optimum" defined as late April or early May) compared with plantings in late May or early June (Carter, 1984; Swanson and Wilhelm, 1996; Lauer et al., 1999; Coulter, 2010; Van Roekel and Coulter, 2011) . The yield decline as shown in Fig. 2 is most significant with delayed planting dates, such as 20 days following the optimum.
Previous Iowa-specific recommendations were made on a statewide basis (Farnham, 2001) , with 99-100% relative yield attributed to planting dates between 20 April and 19 May. Measuring grain yield across the 18 site-years in this study provided a data set that allowed for differentiation within the state, with additional future data expected to further refine it. To draw the closest comparison between this recent research and previous Iowa findings (Farnham, 2001) , the 98-100% planting window is used in the following. Overall, the optimum planting windows for 98-100% yield followed the mean growing-season temperature gradient, which progresses diagonally west to east and north to south (IEM, 2013) , and general hybrid RM zones used by the seed industry (DuPont Pioneer, 2014) . The earliest window was for the NC-NE site-grouping (102-120 DOY, or 12-30 April), which has the lowest temperatures, with the intermediate window for NW-C (105-129 DOY, or 15 April-9 May), and the latest window for SW-SE (107-128 DOY, or 17 April-8 May), which has the highest temperatures. The 98-100% planting windows for all site-groupings have an end date that is 10-20 days sooner than previous recommendations for Iowa. This is a significant shift and is expected to be a result of greater specificity from including more site-years, as well as the distinction of different site responses across the state instead of one recommendation for all of Iowa. The 95-100% planting windows are more similar in length and calendar dates to the previous recommendations for Iowa.
When comparing the planting windows, it is notable that these recommendations behave opposite to conventional wisdom, which suggests farmers can begin planting earlier in the south than further north because it warms and dries earlier in the spring, allowing for field operations to occur. Results presented here, however, only identify that, in terms of optimizing grain yield relative to planting date, it is most important to plant the northern areas as early as possible to maximize the length of the growing season, and a greater yield penalty exists if that planting window is missed.
Methods and results presented here combine statistical and biological reasoning in an effort to determine the windows of time within which farmers can plant and expect to achieve optimum yield. Abiotic and biotic factors will impact the exact "optimum" planting date for a particular year and site; therefore, the development of planting windows minimizes the importance of a specific calendar date and instead presents a range of dates within which the farmer can plant. The farmer also has the choice as to whether to plant during a narrower optimum window (98-100% yield) or a wider window (95-100% yield). The three site-groupings identified for Iowa highlight the importance of planting date as a yield-determining factor, especially in the NC-NE and SW-SE site-groupings, whereas, the NW-C site-grouping was less responsive and planting date should not be emphasized as strongly as a management practice to maximize yield in this region.
